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CHAPTER ONE 


INTRODUCTION 

In radar and communication applications it is required to generate multiple beams 
using an anteima array. A multiple beam forming network is required to control the 
amplitude and phase at each element of the antenna array. Microwave lenses form an 
important class of multiple beam forming networks. 

This chapter describes the review of work reported so far for design and analysis of 
multiple beams forming bootlace lens. An outline of the thesis is also given. 

1.1 MULTIPLE BEAM FORMING NETWORK AND LENS 

In many radar and communication applications, it is necessary to scan a wide area. 
Parabolic reflector antenna is most commonly used for this pmpose as shown in figure 1.1. 
However, this arrangement has major disadvantage: 

1. Difficult to realize large aperture due to mechanical constraints like back up 
structure and gears. 

2. Blockage by the feed structure. 

3. Slow in response as related to scanning in comparison to electronics scanning, 
suffers reliability problem from shock and vibration. 

4. Due to edging, angle of coupling and other mechanical disorders. 

An antenna array with multiple beams forming network as shown in figure 1.2 can 
be used as an alternative to parabolic reflector antenna. The multiple beam forming network 
is used to control the amplitude and phase at each element of the antenna array. Two types 
of multiple beam forming networks are available: 
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Parabolic reflector antenna 

FIGURE 1.1 PARABOLIC REFLECTOR ANTENNA 



FIGURE 1 .2 ANTENNA ARRAY WITH MULTIPLE BEAMS FORMING 

NETWORK 
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1 . Circuit type multiple beam forming network. 


2. Microwave bootlace lens. 

The circuit type multiple beam forming network [1] as shown in figure 1.3 
consisting number of directional coupler, phase shifter, power divider, cross-over 
etc. Phase shifters are costly to fabricate and introduce considerable RF losses. For 
large number of input-output ports this design becomes extremely complicated. 
Microwave bootlace lens suggested by Rotman and Turner [2] is a useful alternative 
to this complicated circuit type multiple beam forming network. This design was 
further corrected by D.Larry Leonakis [3]. 



FIGURE 1.3 CIRCUIT TYPE MULTIPLE BEAM FORMING NETWORK 


A microwave lens is basically a phase corrective device, which transforms a 
divergent wave front from a point source into a plane wave. A microwave lens usually 
consists of two surfaces, one being the pickup surface and the other is the radiating surface. 
Microwave lenses can be broadly divided into two categories [4]. 
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1. Dielectric lens 


2. Constrained lens 

A dielectric lens is made of dielectric material. It obeys Snell’s law and works as an 
optical lens as shown in figure 1.4. Such lenses are also called ‘normal’ lenses [4]. 

In a constrained lens, metal plates guide a wave to follow a particular path as shown 
in figure 1.5. Obviously such lenses do not obey Snell’s law and the direction of outgoing 
beam is not affected by the refractive index of the medium. The lens consists of parallel 
plate with plate separation less than X/2, where X is wavelength of the operating frequency, 
so only TEM mode can propagate. A constrained lens can be defined as any microwave- 
transforming device in which the wave is guided to follow a certain discrete path. Path 
lengths and geometries of these guiding components are so adjusted that the lens produces 
the desired output phase and amplitude distribution. Constrained lenses may be designed to 
provide multiple foci for wide-angle scanning. 

First of all Ruze [4] suggested a constrained lens for wide angle scanning. Figure 
1.6 shows the lens configuration suggested by Ruze. This lens has elliptical output contour 
and two focal points (O and O' ) located on a circular arc. The lens is designed in such a 
way that a plane wave is radiated at an angle a when the source is placed at point O, and at 
an angle -a when the source is placed at point O'. For the desired plane wave, it is required 



FIGURE 1.4 DIELECTRIC LENS 
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FIGURE 1.5 CONSTRAINED LENS 


Y 



FIGURE 1.6 LENS GEOMETRY SUGGESTED BY RUZE 

that the phase or electrical path length difference between a general ray and a central ray be 
zero or integral multiple of a wavelength. 

A constrained lens usually consists of a number of receiving and radiating elements 
on each surface of the lens. Input and radiating elements are connected to the lens by TEM 
mode transmission lines as shown in figure 1.7. Excitation at each input produces a suitable 
phase and amplitude distribution across the array element so as to produce beam in a 
particular direction. Figure 1.7 shows the direction of outgoing beam for input at different 
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feed points. A lens input ports are also called beam ports and output ports are also called 
array ports. 

Rotman and Turner [2] suggested modifications in Ruze’s constrained lens, to 
improve the scanning capabilities. 



FIGURE 1 .7 LINEAR ARRAY FED BY CONSTRAINED LENS 
1.2 THE ROTMAN LENS 

Figure 1.8 shows the cross-section of a trifocal Rotman lens. One focal point Fo is 
located on the central axis of the lens and two other (Fi and F 2 ) are symmetrically located 
on either side of the axis of the lens at focal angles ± a on a circular focal arc. Focal arc is 
also called beam contour or feed contour. Antenna array elements are located on a straight 
line I 2 (called lens aperture). Ij is the inner contour of the lens also called array contour. 
Radiating elements and array contour are connected by TEM mode transmission lines 
W (N). This gives the appearance of an untightened bootlace, hence this type of lens is also 
called bootlace lens. 
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W(H) 



FIGURE 1 .8: CROSSSECTION OF ROTMAN LENS 

The array contour L is defined by coordinates (X, Y). The position of the radiating 
elements on the straight line h are determined by single coordinate N, measured relative to 
point Oi. Points Oi and O lie on the contours h and L respectively and connected by 
transmission line of length W(0). A general point P(X, Y) on the array contour is 
connected to element Q (N) which lies on h by the transmission line of length W (N). 

This new lens design differs from the Ruze model where corresponding points on 
the two lens counters (Ij and I 2 ) are not equidistant fi-om the central axis. This change is 
made by introducing flexible transmission lines between lens’s inner contours and radiating 
elements. In Rotman lens, four basic parameters are selected: Straight fi-ont face, two 
symmetrical off axis focal points and an on axis focal point. Array contours and 
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transmission lines are designed in such a way that the outgoing beam makes an angle - a, 0 
and a with the axis of the lens and terminates normal to their respective wave-front, when 
feed point is placed at Fj, Fo, and F2 respectively. The orientation of wave front for each 
focal point is shown in figure 1.7. 

A ray originating from point Fj on the feed contour may reach the wave-front 
through a general point P (X, Y) on the array contour, transmission line W (N), point Q (N) 
and then tracing a straight line at an angle -a. Also the ray may reach the wave front from 
Fi to O, transmission line W (O) and terminates normal to the wave front. Similarly rays 
from F 2 and Fo may reach their respective wave fronts. At the wave front all the rays must 
be in a phase independent of the path they traveled. The lens can be designed by optical 
path length comparison such that the path length from the focal point to any point on the 
corresponding wave front is constant [2-4]. 

Wide-angle scanning capabilities of these lenses are described in [5-6]. Lenses of 
this t>pe in principle are wide band systems since their design is based upon optical path 
length comparison. However their bandwidth is limited by many elements used with the 
lens such as properties of array elements, connecting transmission lines, the array geometry 
and mutual coupling effect. Bandwidth for a given lens must be defined carefully in terms 
of array performance. The definition of bandwidth from different points of view has been 
examined and summarized by Frank [7]. 

1.3 PHASE ERROR (PATH LENGTH ERROR) 

The Rotman lens discussed above is a lens with three focal points located at angles 
0 and ± a on the focal arc. When a feed is placed at one of these focal points corresponding 
emitted wave front has no phase error, since the condition of constant path length is 
satisfied. When the feed is displaced from these focal points, the corresponding wave front 
will have phase error. However, for wide angle scanning lens must focus at all the 
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intermediate points along the focal arc. Ruze [4] derived the phase error as power series 
across the lens aperture, as 

5L = ay + by^ + cy^+ (1.1) 

Where the constants a, b, c, are functions of the feed position, and the 

parameters of the lens and ‘y’ is the Y-coordinate of the outer contour of the lens. These 
constants must be zero at the point of perfect focus. Nature of the series and the magnitude 
of the various terms will determine the type of distortion. The first term of the series 
represents a linear phase variation and therefore a tilting without distortion of the radiation. 
The second order term yields a radiation pattern equivalent to the “close in” pattern of an 
aperture with a uniform phase. The cubic term yields a third order aberration known as 
“Coma”. Higher order terms exist and their aggregate forms a significant contribution to the 
total phase error especially at large angles. However such terms are individually smaller 
than the coma term. 

Refocusing the focal arc may eliminate the second order aberration. Refocusing 
consists of moving the feed radially to a point where the best patterns are obtained. Figure 
1.9 shows how focal arc is suitably modified to reduce the phase error. However even after 
refocusing the focal arc, objectionable phase error is present. 

Katagi and others [8] defined the following equation for minimization of phase error 

1 

s= ^SLdn (1-2) 

-1 

Value of path length error 8L is substituted in the above equation and coordinates of 
the focal arc are determined for minimum value of s. In [8] it was shown that phase error 
(path length error) is considerably reduced by refocusing the focal arc according to the 
above equation. 
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FIGURE 1.9 REFOCUSING OF THE FOCAL ARC 

1.4 MODIFICATIONS PROPOSED IN ROTMAN LENS 

Rotman and turner required that the feed curve be circular and they optimized the 
design parameters accordingly. These types of lens are wide band systems. Since design is 
based on the different optical path length comparison. However, their bandwidth is 
dependent on the circuit elements used for the realization of the lenses such as: array 
elements, coimecting TEM transmission lines, the array geometries and mutual coupling 
effects. 

Shelton [9] suggested modification in the design and stated that it is not necessary to 
have circular focal arc and a lens with front-to-back symmetiy was designed. In this design 
input ports and array ports can be interchanged. The reasons for choosing symmetrical 
configuration are: 

1. An asymmetrical lens will have either the lens arc or the feed arc more strongly 
curved than the arcs obtained for the symmetric solution. The more curved arc will 
have larger port spacing and a larger variation in port spacing from the centre to the 
edge. 

2. Symmetric lens exhibits better aberration characteristics. 
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3. The tendency for feed ports to illuminate other feed ports is more severe for 
asymmetric lens. 

4. The symmetric lens is smaller than an equivalent asymmetric lens. 

Smith [10] used conventional geometrical optics approach to analyze the Ruze and 
Rotman lenses and extended the approach in two ways. Firstly, the path length formulae are 
expanded as a power series, bringing out the wanted linear phase variation plus the higher 
order phase aberration terms. These are given explicitly in terms of lens parameters to find 
the lens contour such that second and third order aberrations are zero. The second analysis 
is of the variation of lens performance with its dimension G (the central distance between 
input and output contours). A relation for minimum value of ‘G’ required for given array 
length and scanning angle was derived. 

M.J. Gans et.al [1 1] have designed a dual polarized narrow beam antetma to use for 
geostationary arc coverage of 60°. The beam width is less than 0.5°. It produces conically 
scanned beam by means of linear array of feed horns with bias cut apertures illuminating a 
pair of parabolic cylinder reflector in a special arrangement of images. This design is 
relatively simple because it uses reduced size array and singly curved reflector. 

J.S. Herd et.al [12] have designed and fabricated an eight microstrip antenna array 
feed by a microstrip Rotman lens. The method of moment was used to find the feed point 
optimization which is more accurate. Microstrip Rotman lens is fabricated for broad band 
multiple beam feed. It has been found that feed point optimization by means of a method of 
moments solution is highly accurate, and that the microstrip Rotman lens was an 
inexpensive fabricated broadband multiple beam feed structure. 

Rappaport et.al [13] have designed three dimensional bifocal and quadrufocal 
bootlace lenses using curved focal arc. Due to availability of curved focal arc, for three 
dimensional bifocal and quadrufocal bootlace lenses. This design is difficult but reliable, 
compact and having low insertion loss. 
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H.L. Southall et.al [14] have designed, fabricated and tested a completely 
overlapped sub array antenna for broad band, low side lobes and wide scan angle 
performance. It used time delay steering at the inputs to a transformed feed, which 
illuminates a phase shifter steered objective lens. 

D.L. Johnson et.al [15] have designed an offset pillbox reflector with a 2° maximum 
H- plane -3 dB beam width and -35 dB maximum side lobes over a 6 GHz to 12 GHz band. 
The linear array of 23 elements is primary feed for offset reflector. 

L. Musa et.al [16,17] have designed a microstrip Rotman lens port. In this design a 
microstrip port is viewed as a 2-D aperture antenna. An open ended waveguide radiator can 
be used having a cut angle end for beam deflection to a position between the aperture 
normal and the direction of the waveguide sides. In this design a cut angle microstrip port is 
assumed and might produce a deflection firom the aperture normal to the direction defined 
by the guide sides. 

David R. Gagnan [18] presented an alternative approach to design the lens by 
refocusing the focal arc according to the Snell’s law and termed the new lens as refi'acting 
lens. It was designed in microstrip configuration. This approach provides beam ports and 
array ports placements, which gives improved coupling to the outermost beam ports, 
particularly for stripline or microstrip configuration used with small array antennas. 

M. C.D. Maddocks et.al [19] have designed a flat plate steerable antenna for satellite 
communication and broadcast reception. They given two implementation of the Rotman 
lens: 

1 . Use a multi port lens and 

2. Parallel plate lens with a single movable beam port. 

KK Chan et.al [20] presented a simple and compact network scheme for feeding 
hexagonal shape planar array to produce multiple beams. Linear multiple beam forming 
networks are directly connected row-wise and then column-wise in an egg-crate fashion to 
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feed the array. All the linear networks are identical which is advantageous for low-cost 
implementation. 

R. C. Hansen [21] has designed Rotman lens by using seven basic design 
parameters; focal angle, focal ratio, beam angle ratio, maximum beam angle, beam port 
curve ellipticity, array element spacing and focal length/X. The advantage of beam port 
shaping is used to reduce phase error. 

L.K. Jalalian et.al [22] has investigated a new concept for a frequency channelizer. 
This channelizer used dispersive lines to simulate the signal arriving at a given angle on a 
linear array. To improve the focusing properties of the Rotman lens, use low loss material 
with high permittivity, which reduce the size of the channelizer. 

S. P.Peik et.al [23] have developed multiple beam microstrip array fed by a Rotman 
lens, which exhibits five independent scanned beams so that each traffic lane can be 
covered with only one multiple beam antenna. 

Katagi et.al [8,24] suggested an improved design method of Rotman lens in which a 
new design variable is introduced and the phase error on the aperture of the antenna array is 
min i miz ed. By introducing a design variable, relationship between design parameters for 
realizing a Rotman lens is derived and this improved method make a possible to design 
small and low loss Rotman lens antenna. 

J.J. Lee et.al [25] have proposed RF heterodyne technique for Rotman lens to 
reduce the size of beam forming network. This design was proposed for airborne antenna 
operating in L-band of frequency range. The Rotman tens with 48 output ports and 60 input 
ports is chosen as base line approach for proposed design. The Rotman lens can be 
designed to have a single focal point or multiple focal points, which depends on area to be 
scanned, level of side lobes and phase arrays. 

Y.M. Tao et.al [26] designed the printed circuit lens fed multiple beam antenna 
arrays for millimeter wave indoor personal communication systems, which is formed by a 
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linear array of equally spaced elements fed with an improved printed circuit Rotman lens. 
Both the lens and the array are designed and built on the same dielectric substrate. The 
antenna operates in the frequency range of 27-30 GHz and covers an angular sector near to 
120° with 1 1 beams. The lens was implemented with wave-guide technology to minimize 
losses in the millimeter wave region. 

E.O. Rausch et.al [27-29] have developed a millimeter wave Rotman lens that 
operates at frequencies between 33 GHz and 37 GHz. It is electronically scanned millimeter 
wave Rotman lens design. The various lens design were evaluated with a computer model 
passed on the contour integral method. 

P. Phu et.al [30] have developed a wide bandwidth electronic scanning antenna 
(ESA) which is based on a Rotman lens beam forming network with shared aperture. It 
allows multiple beams to transmit simultaneously in different directions and at different 
frequencies. This design supports high bandwidth from 8 to 18 GHz frequency band. 

P.K.Singhal et.al [31] suggest an approach to design Rotman type lens, in which 
height of feed and array contours was equalized to couple the maximum power from feed 
contour to array contour. 


1.5. ANALYSIS APPROACHES OF BOOTLACE LENS 

A conventional ray optics design of multiple beam forming networks gives 
information about the phase distribution at antenna array elements. It does not give 
information about the amplitude distribution at the array elements and radiation pattern of 
the array elements. 
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Smith and Fong [32] developed a theoretical model using two dimensional aperture 
theories to predict the amplitude performance across array ports, and insertion loss of the 
lens. The theoretical model treats the lens beam ports and array ports as two dimensional as 
shown in figure 1.10. Aperture theory is used for the flared waveguide case and would also 
be appropriate for a microstrip lens. A two dimensional equivalent of Friis transmission 
formula is derived to calculate the power received by each array port if a beam port 
transmits. Summing these powers allows calculating the insertion loss of the lens. The 
amplitude distribution is used with the phase calculated from the geometrical path length 
approach to predict the radiation patterns of lens fed array at various frequencies, lenses 
using waveguide fed parallel plate cavity and microstrip configuration were also designed. 
It was found experimental results are reasonable agreement with theoretical predicted result 
however there were differences between theoretical and experimental results. The 
differences can be explained in terms of multiple reflections between beam ports and array 
port contours. 


BEAM PORT 
TRANSMIT 




ARRAY PORT 
RECEIVE 



BEAM PORT ^ 

\ 


PARALLEL 
PLATE REGION 


ARRAYPORT 

CONTOUR 


FIGURE 1.10 FEED AND ARRAY PORTS AS TWO DIMENSIONAL ANTENNAS 
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Design approach discussed so far does not incorporate: 

1 . Effects of mutual coupling between the ports. 

2. Multiple scattering between feed and array contour and 

3. Discontinuity reactance at junction between the lens and the transmission lines at 
input -output ports. 

Thus the theoretical performance predicted may be significantly altered by these factors. 

Fields analysis of this type of lens has not been reported extensively in the 
literature. In the only published studies available [33] the field distribution at port apertures, 
around the lens periphery is described by a contour integral solution of the wave equation 
using the method of moments. 

P.C.Sharma et.al [34,35] reported an alternative two-dimensional field analysis 
approach to analyse Rotman lens. S-matrix is evaluated from the Z-matrix. A radiation 
pattern for the antenna array is computed using the field distribution. Analytical and 
experimental results were found good agreement. 

1.6 LENS AS A PLANAR CIRCUIT 

Rotman lens geometry in microstrip configuration is shown in figure 1.11. In 
microstrip or striplines configuration, height (thickness) of the lens is much smaller than the 
wavelength at the operating frequency and consequently, there is no variation of the field 
along the height of the substrate. This type of planar circuit may be considered as two- 
dimensional (2-d) circuit since its dimensions are comparable to the wavelength in two 
dimensions, but much less thickness in one direction. 

Three types of ^such planar two- dimensional circuits are possible [36] namely. 

1 Tri plate or stripline type as shown in figure. 1.12(a) 

2 Open or microstrip type as shown in figure. 1 . 1 2( b ) 

3 Wave guide or cavity type as shown in figure. 1.12(c) 
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FIGURE 1.11 LENS GEOMETRY IN MICRO STRIP CONFIGURATION 


The microstrip and stripline types of circuit find applications in microwave 
integrated circuits (MICs) and can be considered as generalization of respective one- 
dimensional circuits when the transverse dimension becomes comparable to the wavelength 
at the frequency of operation. The waveguide type circuit shown in figure 1.12(c) can be 
regarded as a special case of three dimensional waveguide circuit where the height is much 
less than the wavelength. 



FIGURE 1. 12(a) STRIPLINE TYPE PLANAR CIRCUIT 
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FIGURE 1.12(b) MICROSTRIP TYPE PLANAR CIRCUIT 



FIGURE 1.12(c) CAVITY TYPE PLANAR CIRCUIT 

1.7 METHODS FOR ANALYSIS OF PLANAR CIRCUrr 

The geometry of two dimensional components (i.e. the shape of the central 
conducting patch in a tri plate structure or the upper conducting patch in microstrip type 
circuit) governs the choice of the method of analysis. A brief review of various methods of 
analysis of two-dimensional (2-d) components is given below, 
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1.7.1 SPECTRAL DOMAIN ANALYSIS [37-38] 


This technique has been used for quasi-static as well as for full wave analysis of some of 
the 2-d configuration. In quasi static approach, the capacitance for the circuit is evaluated by 
solving the Poisson’s equation in the Fourier transform domain. In full wave analysis, Galerkin’s 
procedure is employed to deduce a determinant characteristic equation from the coupled algebraic 
equations in the Fourier transform domain. 


1.7.2 GREEN’S FUNCTION APPROACH 

When the component or segment is of simple (regular) shape, the impedance 
Green’s function [36] technique is the most appropriate method. Green’s functions for 
shapes such as rectangular [36], Circular [39], right-angled isosceles triangle, equilateral 
triangle, 30-60° triangle [40] and for circular sectors, annular sectors and annular rings [41] 
are available. The impedance matrix of 2-d elements with specified locations of ports can 
be found using these Green’s functions. 

1.7.3 FINITE ELEMENTS AND CONTOUR INTEGRAL TECHNIQUES 

Contour integration [42] and finite element techniques [43] have been employed for 
analyzing 2-d component of arbitrary geometries. In finite element method the conducting 
patch is divided into several segments and certain basic functions are integrated over each 
of these segments. 

The contour integration approach [42] has been specifically proposed for 2-d 
component analysis and is based on Green’s tiieorem in cylindrical co-ordinates. In this 
approach the voltage at a point on the periphery is evaluated in terras of a line integral 
along the periphery. 
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Rotman lens geometry in microstrip configuration as shown in figure 1.11 is an 
arbitrary shaped geometry. Analysis of this geometry using contour integration approach is 
discussed in the following chapters. 

1,8 OUTLINE OF THESIS 

As it is evident from the literature described so far that considerable work has not 
been made toward the field analysis of the lens, in the present work two-dimensional 
electromagnetic field analysis of Rotman lens has been carried out. Software has been used 
to design and analyze the lens. The results obtained for all the geometries have been 
compared and the lens parameters have been chosen with an intention to produce the 
desired response. Guidelines to select the lens design parameters have been described. 
Efforts have been made to reduce the design complexities and losses. The whole work has 
been divided in the five chapters as follows; 

First chapter deals with a brief introduction of Rotman type multiple beam forming lens 
and the work done so far on the design and analysis of Rotman type lens. 

Second chapter describes design of Rotman lens, effects of design parameters on the 
shape of the lens and on the performance of the lens. Guidelines to select the design 
parameters have been given. 

The result of Katagi approach and others results has been compared. 

Chapter four describes the design of Rotman type multiple beam forming lens having 
elliptical refocussed. The performance of new design lens has been compared with 
Rotman Lens. 

The work done on Rotman type lens so far as described fi-om chapter 1 to 4 has been 
concluded in chapter 5. 
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CHAPTER TWO 


DESIGN AND ANALYSIS OF ROTMAN LENS 

Design of Rotman lens [2, 3] involves both geometric trade and mutual coupling 
effects between the lens ports. The shape of lens determines the mutual coupling between 
the ports. It is difficult to control the mutual coupling. Thus a careful geometric optics 
design should be accomplished first and then parameters should be optimized to obtain the 
desired response. This chapter describes design of Rotman lens using ray optics approach 
and effects of design parameters on the shape of the lens and on the path length error. The 
designed lens has been analyzed using two-dimensional field analysis approach. The term 
“analysis” denotes the determination of the circuit parameters for its multi port model. 
Results obtained have been compared with the results predicted by its design approach. 

2.1 DESIGN PROCEDURE 

Figure 2.1 shows the cross- section of a trifocal Rotman-type lens. One focal point 
Fo is located on the central axis and the two others Fi and Fa are symmetrically located on 
either side on a circular focal arc (also called feed contour). Contour la is a straight line and 
defines the position of the radiating elements. Ii is the inner contour of the lens (also called 
the array contour). Two off axis focal points Fi and Fa are located on the focal arc at angles 
-t-p and -p. It is required that the lens be designed in such a way that outgoing beams make 
angles -a , 0 and -Kx with the x axis when feeds is placed at Fi, Fo and Fa respectively. 
Rotman lens has the following four design parameters: 

1. Off axis focal length F: This is the distance between off axis focal point and mid point 
of the array contour (distance OiFj or OiFa as defined in Figure 2.1) 

2. On axis focal length G: This is the distance between on axis focal length and mid 

point of the array contour (distance OiG as defined in figure 2.1). 
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3. Antenna element spacing d: Radiating elements are located along the straight line h. 
Number of antenna elements and spacing between antenna elements determines the 
length of contour h (this is also called lens aperture). 

4. Scanning angle a: Scanning angle determines the angular coverage provided by the lens. 
The lens can cover an angular area ± a. 

It may be noted that in this proposed approach the two off axis focal points are 
located at angles ± P whereas in the approach suggested in [2] these were located at angles 
± a. Using the design approach suggested in [2] following equations are written 



FIGURE 2.1 CROSS SECTION OF TRIFOCAL ROTMAN LENS 
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Vsr (FiP)+V Sre W(N)+ N sina=Vsr F + Vsre W(0) (2. 1) 

Vsr (F2P) + Vsre W (N) - N sina=VsrF + Vsre W(0) (2.2) 

Vsr (FoP) + Vsre W(N) =Vsr G + Vsre W(0) (2.3) 

Where 

(FiP)^ = (X+Fcos|3)^ + (Y-Fsin|3)^ (2.4) 

(Fa P) ^ = (X+F cosP) ^ + (Y+ F sinP) ^ (2.5) 

(FoP)^==(X+G)2 + (Y)" (2.6) 


N = Indicate the position of the radiating elements, called the lens aperture. 

Sr = Substrate dielectric constant. 

Sre = Effective dielectric constant of the transmission lines. 

Design parameters are normalized relative to the maximum lens aperture Nmax and 
defined as follows 

f=F/Nrr,ax 
g = G/N„rax 

W = ( W(0) - W(N)) V Sre /( Vsr Nmax ) 
tj = N/ Nmax 
y= Y/Nmax and 
X ~ X / Nmax 

Algebraic manipulation of the above equations gives 


y = T] sina ( f + w ) / Vsrf sin P 

(2.7) 

x= a + bw 

(2.8) 

Aw^+Bw4G = 0 

(2.9) 

Where 


a = ( Tisin a)^ / (2sr ( f cosp - g)) 
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b = (f-g )/ ( f cosp - g ) 

A = + Ti^ sin /(sr f ^ sin ^P) - 1 

B = 2ab + 2 (ri^sin^a / Sr f sin^ P) + 2gb -2g 
C = a ^ +r^ (sin / Sr sin ^p) + 2ga 

For the given value of design parameters F, G, Nmax and a it is required to calculate 
the value of P, such that the height of the two contours (feed and array contour) be equal. 
Y- Coordinate of array contour is given by equation (2.7). For maximum value of lens 
aperture i.e 

N = Nmax, 11=1 and 

ymax = sina ( f +w )/ (Vsr f sin P ) (2.10) 

To equalize the height of the two contours Y coordinate of the feed contour i.e f sinp must 
be equal to ymax i-e. 

f sin p = sina ( f+ w) / (-v/sr f sin P ) (2.11) 

Using equations (2.7), (2.8), (2.9), and (2.11) value of p can be calculated for 
given value of a, F , G, N^ax and 8r. The lens designed using the calculated value of p will 
have equal height of the feed and array contour. 

Figure 2.1 (a) shown the variation of P with a. As the value of a increases, the 
value of p also increases. Figure 2.1(b) shown the variation of P with f As the value of f 
increase the value of p decreases. Figure 2.1(c) shown the variation of P with Nmax. As 
value of Nmax increases the value of P also increases. 
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4,5 4J9 5.3 5.7 

Nmax 

(f=1 .70^=1 .74.oc=36^ =3.7.Frequencv=3.464tGHz) 

FIGURE 2. 1(0): VARIATION OF BETA WITH Nmax 


2.2 EFFECTS OF DESIGN PARAMETERS ON THE SHAPE OF THE LENS. 

Rotman lens has four basic design parameters, focal angle a, off axis focal length F, 
on axis focal length/Nmax and lens aperture r\. For any lens design usually scanning angle 
and number of antenna elements are specified. Then it is required to select the proper value 
of the design parameters. Path length error and lens shape depend upon these parameters. 
Lens shape determines the mutual coupling between port, multiple scattering between the 
ports and spillover losses. 

Shape of the lens is important factor, which determines the power coupling from the 
feed contour to the array contour. This section describes the dependence of the shape of the 
lens on the design parameters. 

Figure 2.2(a) shown the effect of ‘f ’ on the shape of the lens. It is shown that as ‘f ’ 
increase, the feed contour open and array contour closes. 
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f= 1.7 


f= 1.6 



X.- f=1.65 

/ .-■’*■** 

/;/ f= 1.6 
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FEED CONTOUR 


f = 1.65 



ARRAY CONTOUR 


FIGURE 2.2(a) EFFECT OF “ f “ ON THE SHAPE OF THE LENS 


Figure 2.2(b) shown the effect of focal angle a on the shape of the lens. As the value 
of a increases, the array contour closes and feed contour opens. The value of a is selected 
in such a way the height of both the contours are almost equal. The value of a also increase 
the path length error and therefore this factor must be considered in designing optimum 
shape of the lens 

The height of the array contour is a function of the lens aperture (ri). As ri 
increases, the height of the array contour increases. The lens aperture also determines the 
spacing between the array elements. Element spacing is a critical parameter since it controls 
the appearance of grating lobes. For maximum scaiming angle 9max ,the spacing d that just 
admit a grating lobe is given by[2 1 ] 

d/X = l/(2+sin ©max ) (2.12) 

where d is the antenna element spacing and L is the wavelength. 
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FIGURE 2.2(b) EFFECT OF FOCAL ANGLE(a) ON THE GEOMETRY OF THE LENS 

In general antenna element spacing is kept below this value. Hence, a and q should 
be selected in such a way that the height of both the contours are almost equal. Equal height 
of both the contour is required to couple maximum power from the feed contour to array 
elements. 

The dependence of the lens contour on “g” is shown in figure 2.3. As “g” increases, 
the array contour opens and the feed contour closes. It may be noted that increasing ‘g’ has 
reverse effect to that with the increase in a. In Rotman lens feed contours and array 
contours are open houndaries, they never meet and it is required to cover this gap by 
microwave absorbers. As the value of “g” increases, the gap between feed contour and 
array contour increases. So small value of “g” gives a compact lens. A compact lens has 
less spillover losses. 

Off axis focal length F has no effect on the shape of the lens it only change the 
dimensions of the lens. 
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FIGURE 2.3 EFFECTS OF ‘G’ ON GEOMETRY OF LENS 

2.3 PHASE ERROR 

Path length error for the lens is defined as [2] the difference in path length between 
a central ray through the origin and any other ray, both of which are traced from an 
arbitrary point on the focal arc through the lens and terminates normal to the emitted wave 
front. 

When a feed is placed at one of the focal point, corresponding emitted wave front 
has no phase error. When the feed is displaced from the focal point, the corresponding 
wave front will have a phase error. However for wide angle scanning lens must be focused 
at all the intermediate points along the focal arc. Let a feed be located at point R (Figure 
2. 1) on the focal arc for the out going beam at an angle 0. Let Ra and R b be the phase shift 
from the feed position to the wave front when the ray is passing through P (X,Y) and O 
respectively. The phase error is given by 

5L = Ra-Rb (2.12) 

Where 

Ra = V Sr (RP) Were W (N) +N sine 
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Rb = Vsr (R0)+VsreW(0) 

Figure 2.4 shows the variation of the normalized phase error (5L/Nmax) with the 
normalized lens aperture for different value of scanning angles (e).When the phase angle 
(0) is equal to 20° the normalized phase error is minimum. As theta increases the 
normalized phase error increases. 

Figure 2.5 shows the variation of normalized phase error with normalized lens 
aperture for different values of lens aperture Nmax- Phase error increases as the lens aperture 
increases. 

Figure 2.6 shows the variation of normalized phase error with “f’ for different 
values of scanning angles. It may be noted that error is minimum at specific value of “f ’. 
The normalized phase error is neither minimum at veiy small values nor at very large 
values, it is minimum at some intermediate values. 

Figure 2.7 shows the variation of normalized phase error with “g” for different 
values of scanning angles. It may be noted that error is minimum at a specific value of “g”. 
The normalized phase error is neither minimum at very small values nor at very large 
values, it is minimum at some intermediate values. 

Figure 2.8 shows the variation of normalized phase error “a” for different scanning 
angles. Phase error is 0 for a = 0. 
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NORMALISED PHASE ERROR 
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FIGURRE 2.8:NORMALISED PHASE ERROR VERSUS ALPHA 


2.4 TWO-DIMENSIONAL FIELD ANALYSIS OF THE LENS 

In microstrip or stripline configuration of the lens, the height (thickness) is much 
smaller than the wavelength at the operating frequencies and consequently, there is no 
variation of the fields along the height of the substrate. To analyze such a planar circuit out 
of several methods [42,52] developed so far, contour integration method [42] is most 
suitable, because of the arbitrary geometrical shape of the lens. 

2.4.1 FORMULATION OF CONTOUR INTEGRAL METHOD 

Consider an arbitrary planar circuit in microstrip configuration, having several ports 
as shown in figure 2.9. Using Weber’s solution for cylindrical waves, the potential V (s) at 
a point upon the periphery of the circuit geometry is found to satisfy the following integral 
equations [52]. 

V(s) = (l/2jOj{kcosm^^\kr)F(So)-jco/iff^^H^KMW^o ( 2 - 15 ) 


C 1 





periphery. The variable r denotes distance between points M and L on the periphery, d is 
the substrate thickness and s and sq are the location of the field and source points 
respectively along the periphery. The angle between the line joining the points M and L and 
the normal at point L is denoted by 0. 0 , k and p are the angular frequency, wave number 
and permeability of the spacing material respectively. Equation (2.15) is a contour integral 
over the periphery of the planar circuit and is the reason for the name of this method. A 
detailed derivation of this integral expression is given in [42, 52]. 

Equation (2.15) gives the relation between the R.f Voltage and R.f Current 
distributed along the periphery. To solve the equation (2.15) numerically the circuit 



FIGURE 2.9: ARBITRARY SHAPED PLANAR CIRCUIT 

periphery is divided into N incremental sections numbered as 1,2,3...N having widths Wi, 

W2, W3, Wn respectively as shown in figure 2.10. Coupling ports are assumed to 

occupy each one of those sections. When width of various sections is small, field intensity 
may be assumed uniform over each section (port width) and equation (2.15) yield a system 
of matrix equation [42]. 

a-1.2.3.-N) (2.16) 
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Where 


=Sy-{k/ 2j) Jcos > ikr)ds ( 2 . 1 7 ) 

wj 

And 

h,j = (co^d / Awj) Ji?f ^ (b-)ds (For i 9^ j) 

wj 

= {(0^IA)[\-{2jlTi){InkWJA-\ + Y)] (Fori=j) (2.18) 

Y = 0.5772... is Euler’s constant and 5ij= l(for i = j) and zero otherwise. Solving equation 
(2.16) one obtains the R.F. voltage on each sampling point as 

V = U'^ HI (2.19) 

Where V and I denote column vectors consisting of Vi and F and U and H are NXN 
matrices consisting of Uy and Hy respectively. The matrix is the inverse of matrix U.Z 
matrix for the N port network of figure 2.10 is given by 

Z= H (2.20) 

2.4.2 NUMERICAL COMPUTATION 

For numerical computation of the Z -matrix of the multi port network discussed in 
previous section, divide the periphery of the circuit into N sections and approximate these 
sections by straight-line elements (figure 2.10). These dividing points are numbered 
i =1, 2 ,3...N in the counter clockwise direction and their coordinates are denoted as 
(X (i), Y(i)). The sections between the i* and (i+l)**” dividing points are called i* section 
and sampling points are set at the centre of each section, so that its coordinates 
(SX(i),SY(i)) are given as 

SX{i) = {X(i) + X{i+\))l2 ( 2 . 21 ) 

-57(0 = (7(0 + F(/ + l))/2 (i=l,2,3....N) (2.22) 
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And the width of i* section is given as 

Wi= V (X(i+l)-X(i))"+(Y(i+l)-Y(i))") (2.23) 

The width of the sections need not be equal to each other usually it is desired to use 
narrower sections at positions where the curvature is large, because the circuit periphery is 
approximated by a piece wise linear pattern. 

The distance ry between the i* and sampling point is given by 

+ ^rlf)-srO)f (2.24) 

Let the angle made by the line connecting the points i*^ and and the normal at the 
i* sampling point be devoted by Oy if 9j denotes the angle between X - axis and the line 
having the direction from point [X (j), Y G)] to point [X 0 +1), Y G + 1)], one can write as 

cos 0y = [{ SXG) - SX(i) }sin 0j- {SYG) - SY(i)}cos 0j ] / ry (2.25) 


Sampling points 



FIGURE 2.10: GEOMETRY SHOWING THE SYMBOL USED IN THE 
NUMERICAL ANALYSIS 

By using the relation 

cosey ={XG + 1)-XG)}/Wj (2.26) 
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sinej ={Y0 + 1)-Ya) }/Wj 
Equation 2.25 can be written as 


(2.27) 


cos0r{[SX(j>-SX(i)][Y(j+l)-Y(i)]-[SY(j)-SY(i)][XO+l)-Xa)]}/ryWj For i 9^ j (2.28) 

= 0 fori=j 

Thus 0ij can be computed from the coordinates of sampling and dividing points. The 
matrix elements Uy and hy as discussed earlier can be calculated by computing the integrals 
using Simpson’s method. However these can be computed approximately, without 
computation of integrals as 

Uij = 5ij -(k/2j)cos0ij H/") (k ry) Wj (2.29) 

and 

hy=((olid/4)Ho^2^kry) (2.30) 

The choice between the above two alternative approaches depends upon accuracy required 
and computation time. 

2.5 GUIDELINES TO SELECT THE DESIGN PARAMETERS 

Considering the effects of design parameters on the shape of the lens and on the 
phase error following guidelines to selects the design parameters are recommended. 

1 . Select a = specified scanning angle. 

2. Lens aperture Nmax is a function of antenna element spacing. Anterma element spacing 
controls the appearance of grating lobes [21]. To control the grating lobe it is required 
that the anterma element spacing 

D < X / (2 + simi/m) (2.3 1) 

Where xj/m is the maximum scanning angle and X is the wavelength. For v|/m ct antenna 
element spacing and then Nmax can be calculated. Considering the dependency of phase 
error and shape of the lens on “f’ and “g”, suitable values of “f’ and “g” may be selected. 
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2.5.1 ANALYSIS 


In the microstrip or stripline configuration, the thickness of the lens substrate is 
much smaller than the wavelength at the operating frequencies, and consequently there is 
no variation of the field along the height of the substrate. This type of planar circuit may be 
considered a two-dimensional circuit. Because of the arbitrary geometrical shape of the 
lens, the contour integral method [36] has been adopted to analyze the proposed lens 
geometry. More detail of the contour integral technique has been given in [36, 42]. 

To analyze the lens using the contour integral approach, the array contour divided in 
to 12 ports as shown in figure 2.11. Out of the 12 ports, 10 ports used as array ports and 
two are used as dummy ports. Similarly, the feed contour is divided into 1 1 ports, two ports 
being dummy ports and nine feed ports. Therefore the lens has total of 23 ports. Each of the 
dummy ports is terminated into a 50-ohms dummy load. The input and the output ports are 
connected to the source and the antenna elements respectively through a 50-ohms 
transmission lines and taper section. The port number notation used in the analysis is shown 
is figure 2.11. 

2.5.2 SPECIFIC DESIGN EXAMPLE 

This section describes a theoretical example of the design and analysis of the 
Rotman-type lenses to feed array of wave-guide horns, with the following requirements: 

Angular coverage = ± 35° 

Number of antennae elements =10 
Number of input beam = 09 
Central frequency = 3.4641 MHz 

The complete structure is assumed to be fabricated in microstrip version on 
substrate of thickness 1/16 inch and dielectric constant 3 .7.The loss tangent is 0.001. 
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Two lenses have been designed for the above requirement. As per the guidelines 
recommended earlier following design parameters have been selected for the two lenses. 

1. Lensl; a = 35°, f = 1.70, g=1.74 
Spacing between antenna elements =1.2 inch 

2. Lens 2; a = 35°’ f = 1.70, g=1.86 
Spacing between antenna elements = 1.2 inch 


OWMiAV PQ'^TS 



FIGURE 2. 1 1 : LENS IN ITS MULTI PORT GEOMETRY 


2.5.3 RESULTS AND DISCUSSION 


Figure 2.12 shows the design lens contour with beam port on the left and element 
port on the right. For different value of “g” array contour are shown. It is clear from the 
figure by increasing the value of “g” the array contour 
increase. 



FIGURE 2.12: DESIGNED LENS CONTOURS 

Figure 2.13 shows the reflection coefficient at the input port in view of the 
geometrical symmetry, reflection coefficient for only five input ports are shown (the ports 
are numbered as shown in figure 2.1 1). The variation of reflection coefficient for lens 1 is - 
22.47 dB to - 8.64 dB and the variation of reflection coefficient for lens 2 is -12.34 dB to - 
10.52 dB. 


40 


0 



14 15 16 17 18 

PORT NUMBER 

— lensl —a— lens2 

FIC3URE 2.13 REFLECTION COEFF. AT INPUT PORTS FOR ROT MAN 

LENS 

Amplitude distribution across the array ports for both the lenses are shown in figure 
(2.14a - 2.14e). When input applies at port number 14 the coupling coefficient is minimum 
at port number 10 for lens 1 and at port number 6 for lens 2. When input applies at port 
number 15 the coupling coefficient is minimum at port 5 for lens 1 and at port 7 for lens 2. 
When input applies at port number 16 the coupling coefficients is minimum at port 8 for 
lens 1 and 2. When input applies at port number 17 the coupling coefficient is minimum at 
port 6 for lens 1 and 2. When input applies at port number 18 the coupling coefficient is 
minimum at port 4 and 9 for lens 1 and port 7 for lens 2. 


COUPLING COEFFICIENT (dB) COUPLING COEFFICIENT (dB) 



FOR INPUT PORT NUMBER 14 


ARRAY PORT NUMBER 


FIGURE 2.14(a) AMPLITUDE DISTRIBUTION ACROSS ARRAY PORT 


FOR INPUT PORT NUMBER 15 







COEFFICIENT (dB) 
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FIC3URE 2. 14(e) AMPLITUDE DISTRIBUTION ACROSS ARRAY PORT 


Phase distribution across the array ports for both the lenses is shown in figure 
(2.15a - 2.15e). For input port number 14, 15 and 17 the phase distribution across the array 
port for lens 1 and lens 2 are almost equal. For input port number 16 and 18 the phase 
variation across the array port is approximate two radians. 



ARRAY PORT NUMBER 
—♦—LENS 1 -»-LENS2 


FIGURE 2.15(a) PHASE DISTRIBUTION ACROSSTHE ARRAY PORT 
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PHASE ACROSS THE ARRAY PORT(radian) 















Table 2.1 and table 2.2 show the coupling coefficient from input ports to input ports 
and output ports to output ports. 

TABLE 2.1: Coupling from inputs ports to input ports and output ports to output ports 


For Rotman lensl 






table 2.2: Coupling from input ports to input ports and output ports to output ports for 
Rotman lens2 


input port no. 

COUPLING 

COEFFICIENT(dB) 

OUTPUT PORTS NO. 

COUPLING 

COEFFICIENT(dB) 

^14-15 

-22.82 

2-3 

-12.05 

14-16 

-13.00 

2-4 

-16.62 

14-17 

-14.36 

2-5 

-24.22 

14-18 

-14.73 

2-6 

-20.64 

14-19 

-13.85 

2-7 

-18.75 

14-20 

-20.45 

2-8 

-24.39 

14-21 

-17.87 

2-9 

-19.46 

14-22 

-8.99 

2-10 

-23.63 

15-16 

-21.64 

2-11 

-13.68 

15-17 

-21.15 

3-4 

-13.15 

15-18 

-17.90 

3-5 

-26.38 

15-19 

-26.55 

3-6 

-16.52 

15-20 

-19.08 

3-7 

-17.13 

15-21 

-17.20 

3-8 

-24.19 

15-22 

-15.27 

3-9 

-16.82 

16-17 

-16.18 

3-10 

-17.14 

16-18 

-23.66 

3-11 

-23.18 

16-19 

-19.87 

4-5 

-10.54 

16-20 

-22.37 

4-6 

-16.02 

16-21 

-18.33 

4-7 

-26.99 

16-22 

-17.19 

4-8 

-25.82 

17-18 

-12.94 

4-9 

-15.69 

17-19 

-19.65 

4-10 

-16.39 

17-20 

-19.93 

4-11 

-19.42 

17-21 

-23.69 

5-6 

-18.64 

17-22 

-12.75 

5-7 

-26.46 

18-19 

-12.83 

5-8 

-10.62 

18-20 

-26.22 

5-9 

-26.92 

18-21 

-18.03 

5-10 

-26.00 

18-22 

-14.30 

5-11 

-25.87 



6-7 

-11.01 



6-8 

-24.35 



6-9 

-25.18 



6-10 

-16.43 



6-11 

-19.34 
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The percentage of power distributed among various ports for both the lenses are 
given in the table 2.3, for lens 1, g = 1.74 and lens 2, g = 1.186 and other parameters are 
same for both lenses. Since as the value of “g” increases curvature of the feed contour 
increases and the size of lens also increases, for lens 2 more power is lost in the lens as its 
size is large. Also for lens 2 curvature of the feed contour is more, therefore, it is coupling 
more power back towards feed ports. 


TABLE 2.3: Percentage of power distributed among various ports 


FEED 

PORT 

NO. 

PERCENTAGE 
OF POWER 
REFLECTED 

PERCENTAGE 
OF POWER 

LOST IN 

DUMMY 

PORTS 

PERCENTAGE 
OF POWER 
GOING TO 

ANTENNA 
ARRAY 

PERCENTAGE 
OF POWER 
COUPLED TO 
FEED PORTS 

PERCENTAGE 
OF POWER 
LOST IN LENS 

Lensl 

14 

0.56 

9.63 

41.39 

19.64 

28.78 

15 

0.66 

11.82 

53.63 

16.87 

17.02 

16 

4.41 

7.83 

59.94 

16.10 

11.72 

17 

10.89 

7.38 

53.97 

22.00 

5.76 

18 

12.96 

3.66 

60.66 

19.84 

2.88 

Average 

5.89 

8.06 

53.91 

25.97 

6.17 

Lens2 

14 

3.24 

6.31 

41.69 

33.92 

14.84 

15 

4.84 

8.58 

57.02 

13.82 

15.74 

16 

5.76 

11.63 

51.63 

17.81 

13.17 

17 

8.41 

6.96 

52.22 

27.03 

5.38 

18 

6.74 

1.41 

57.98 

26.69 

7.16 

Average 

5.79 

6.97 

52.10 

23.85 

11.25 


Table 2.4 shows the direction of main beam, beam width and side lobe level for 
Rotman lens. The beam width for lens 2 is larger than lens 1. 




TABLE 2.4: Direction of main beam, beam width and side lobe level for Rotman lens 


FEED PORT NO. 

DIRECTION OF MAIN 
BEAM IN DEGREE 

BEAM WIDTH IN 
DEGREE 

SIDE LOBE LEVEL 
IN dB 

Lensl 

14 

-30.00 

17.00 

-13.33 

15 

-22.00 

16.00 

-15.42 

16 

-14.00 

15.00 

-13.43 

17 

-8.00 

15.00 

-13.60 

18 

00 

14.00 

-13.85 

Lens2 

14 

-31.00 

33.00 

-14.31 

15 

-23.00 

29.00 

-11.99 

16 

-16.00 

28.00 

-10.48 

17 

-7.50 

27.00 

-12.41 

18 

00 

26.00 

-11.33 


Figure 2.16 and figure 2.17 shows the radiation pattern obtained for g = 1.74 and g 
= 1.186 respectively. The beam crossover level obtained for the both the lenses are same (6 
dB approximately). There is slight difference (1.0 degree) in the direction of main beam for 
both the lens. 3 dB beamwidth and sidelobe level for both the lenses are also different. The 
radiation pattern for both the design lenses reveals that the directions of beam maxima are 
different from the desired value. For input at port 14 the direction of main beam should be - 
35 degrees, whereas it is -31 and -30 degrees. Similarly interpretation may be applied for 
other input ports. Therefore modifications in the design approach are given in chapter 3 and 
4. 
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FIGURE 2.17 RADIATION PATTERN FORROTMAN LENS 2 





2.6 CONCLUDING REMARK 

A modified approach to design the Rotman type lens has been proposed. The work 
reported in the preceding section reveals a guideline for lens design. This is summarized in 
the following. 

1. As the value of focal angle a increase, array contour closes and feed contour opens. As 
a increases height of feed contour also increases. Path length error also depends upon a, 
as a approaches towards scanning angle (0), path length error decreases. 

2. Lens aperture ri determines the height of array contour and spacing between array 
elements. Spacing between array elements controls the appearance of grating lobes. 
Therefore spacing between array elements should not be greater than a certain limit. 

3. Increasing ‘g’ has reverse effect to that with the increase in a. Small value of ‘g’ gives a 
compact lens and spillover losses reduce. Path length error also depends upon ‘g’ and it 
is minimum for a specific value of ‘g’. Hence the value of ‘g’ should be selected 
keeping in view the requirement of equal height of both the contours, spillover losses 
and path length error. 

4. The off axis focal length controls the dimension of the lens. It should be selected in such 

a manner that the normalized lens aperture ti is less than 0.6. Since the path length error 
increases as q increases. 

Repetitive iteration may be made to select the proper value of lens design 
parameters a, q and g. 

Software has been used to design and analyze the lens using two dimensional 
electromagnetic field analysis methods. The result of analysis, namely reflection 
coefficient, radiation patterns of the antenna array, scattering matrix and power distribution 
in ports have been presented. The proposed analysis approach is well-suited for 
modification of the lens design to achieve improved performance and for implementing of 
CAD for the design of beam-forming lenses. 
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CHAPTER THREE 


MODIFIED APPROACHE TO THE DESIGN OF ROTMAN TYPE 
MULTIPLE BEAM FORMING LENS 

Design and analysis of Rotman lens have been given in previous chapters. Design 
approach for this lens is based on geometrical ray optics techniques. Katagi [8] suggested 
an improved method to design Rotman lens. Lens obtained using the approach suggested in 
[8] in terms as Katagi lens. In this chapter Rotman lens is designed using the approach 
suggested in [8] for the same requirements as Rotman lens in chapter 2 and analyzed using 
two dimensional analysis approaches. 

3.1 LENS GEOMETRY 

Figure 3.1 shows [8] the cross section of a Rotman lens. and ^^2 are curves along 
which exciting elements and receiving elements are arranged respectively. Three focal 
points Fi, Fo and F 2 are located on a circular arc at focal angle a, 0 and -a respectively, p is 
an angle of the direction of the main beam corresponding to a focal point Fi whose angular 
position is designated by a. The aperture length of a linear array antenna is 2Nmax. 

Basic difference between Rotman lens and Katagi lens is that a new design variable 
Tj is introduced and the phase error on the aperture of the linear array antenna is minimized. 
By introducing a design variable rj, relationship between design parameters for realizing a 
Rotman lens is derived and this improved method makes it possible to design a small and 
low loss Rotman lens antenna. 

By using the procedure as that in [2], relations which determine the shape of '^z 
are given by [8]. 
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Where k is a wave number. 

3 J TWO DIMENSIONAL FIELD ANALYSIS OF ROIMAN LENS ANTENNA 
It is required to design the lens for the following parameters 
Angular Coverage =±35 degree 

Number of antenna elements — 10 
Number of input beams =09 

Center frequency 3464.1 MHz 

The lens is assumed to be fabricated in microstrip version on a substrate of dielectric 
constant e, = 3.7, thickness 1/16 inches, and lost tangent 0.001. 

To fulflll the above «,uirements, the following design parameters ate selected 

Focal angle a = 35 degree 

Off axis focal length F = 2.7 X 

Rotman and turner [3] described a procedure for estimating Ihe optimum 
•gTratio of on axis to off axis focal length) for a given choice of the off axis focal angle a. 
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For a = 35 degrees, 



g=l+aV2 = 1.186 

r\ = 0.58 (Antenna spacing element = 1.2 inches) is selected 
In the design lens same port number notation are used as shown in figure 2.1 1 . 

3.3 RESULT AND DISCUSSION 

Figure 3.2 shows the reflection coefficient at the input ports for the improved 
designed method [8], so called Katagi lens. The Reflection coefficients for Katagi lens are 
much smaller than Rotman lens. 



14 15 16 .17 18 

ARRAY PORT NUMBER 
LENSl --iJ— KATAGI 

FIGURE 3 .2 REFLECTION COEFFICIENT AT INPUT PORTS FOR KAT AGI 

LENS 

Amplitude distribution across the array ports for input at different ports are shown 
in figure 3.3(a)-3.3(e). When inputs apply at port number 15 the coupling coefficient is 
minimum at port number 10 for lens 1 and at port number 9 for Katagi lens. When input 
applies at port number 15 the coupling coefficient is minimum at port number 5 for lensl 
and port number 6 for Katagi lens. When input apply at port number 16 the coupling 
coefficient is minimum at port number 8 for lensl and port number 6 for Katagi lens. When 
input applies at port number 17 the coupling coefficient is minimum at port number 6 for 
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lensl and port number 4 for Katagi lens. When input applies at port number 1 8 the couplmg 
coeffloient is minimum at port number 6 for lensl and port number 5 for Katagi lens. 



» —a — katagi lens 


prOOKB 3.3,., -otPLtr™ DtsrmBUTtoN ACnOSSTHB POUTS 
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ARRAY PORT NUMBER 
— LENS1 KATAGI LENS 

FIGURE 3.3(c) AMPLITUDE DISTRIBUTION ACROSS THE ARRAY PORTS 



— ♦—LENSl KATAGI LENS 

FIGURE 3.3(d) AMLITUDE DISTRIBUTION ACROSSTHE ARRAY PORTS 
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0 


FOR INPUT PORT NUMBER 18 



ARRAY PORT NUMBER 
-4— LENSl KAT AGI LENS 

FIGURE 3.3(e) AMPLITUDE DISTRIBUTION ACROSS THE ARRAY PORTS 

Figure 3.4(a)-3.4(e) shows the phase distribution across the array ports for both 
the lenses. For the input at port number 14, the phase variation across the array port is 
approximately two radians. For the input at port number 15, the phase variation across the 
array ports is approximately three radians. For the input at port number 16, the phase 
variation is approximately five radians. For input at port number 17, the phase variation is 
approximately one radian. For input port number 18, the phase distribution minimum at 
port number (6, 7) for katagi lens and port number (4, 9) for lensl. 
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ARRAY PORT NUMBER 
— LENSl -a— KATACHLENS 
FICfURE 3 .4(c) PHASE DISTRIBUTION ACROSS THE ARRAY PORT 
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ARRAY PORT NUMBER 
— LENSI-a— KATAGI LENS 

FIGURE 3.4(d) PHASE DISTRIBUTION ACROSS THE ARRAY PORT 
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ARRAY PORT NUMBER 

— LENSl KATAGILENS 
FIGURE 3,4(e) PHASE DISTRIBUTION ACROSS THE ARRAY PORT 


Table 3.1 shows the coupling coefficients from input ports to input ports and output ports 
to output ports for Katagi lens. 

Table 3.2 shows the percentage of power distributed among various ports for lens. This 
table revels that: 

1 . Average percentage of power lost in dummy ports for Katagi lens is much higher than 
the Rotman lens. 

2. Average percentage of power reflected back in Katagi lens is large. 

3. Power coupled back to the feed ports for lensl is larger than the Katagi lens. 
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TABLE 3.1: Coupling from input ports to input ports and output ports to output ports for 


Katagi lens 


Input Port No. 

Coupling Coefficient (dB) 

Output Ports No. 

Coupling Coefficient (dB) 

14-15 

-17.58 

2-3 

-9.56 

14-16 

-18.80 

2-4 

-26.36 

14-17 

-23.84 

2-5 

-16.53 

14-18 

-15.64 

2-6 

-23.64 

14-19 

-26.56 

2-7 

-37.49 

14-20 

-24.82 

2-8 

-26.88 

14-21 

-15.65 

2-9 

-26.39 

14-22 

-10.22 

2-10 

-29.48 

15-16 

-15.36 

2-11 

-21.33 

15-17 

-16.97 

3-4 

-10.94 

15-18 

-15.72 

3-5 

-12.73 

15-19 

-17.66 

3-6 

-19.06 

15-20 

-24.21 

3-7 

-20.03 

15-21 

-25.09 

3-8 

-30.39 

15-22 

-8.71 

3-9 

-26.21 

16-17 

-16.29 

3-10 

-28.66 

16-18 

-19.41 

3-11 

-28.85 

16-19 

-20.55 

4-5 

-10.87 

16-20 

-14.52 

4-6 

-19.87 

16-21 

-21.95 

4-7 

-18.42 

16-22 

-15.07 

4-8 

-28.75 

17-18 

-8.21 

4-9 

-23.36 

17-19 

-15.31 

4-10 

-27.06 

17-20 

-27.47 

4-11 

-28.69 

17-21 

-13.68 

5-6 

-10.64 

17-22 

-13.65 

5-7 

-23.15 

18-19 

-10.35 

5-8 

-22.90 

18-20 

-29.75 

5-9 

-26.33 

18-21 

-20.59 

5-10 

-33.64 

18-22 

-11.96 

5-11 

-28.80 



6-7 

-12.59 



6-8 

-23.39 



6-9 

-19.20 



6-10 

-20.25 



6-11 

-31.75 
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Table 3.2: Percentage of power distributed among various ports. 


Feed 

Percentage of 

Percentage of 

Percentage of 

Percentage of 

Percentage of 

port 

power 

power lost in 

power going to 

power coupled 

power lost in 

No. 

reflected 

dummy ports 

antenna array 

to feed ports 

lens 

Lensl 






14 






15 

0.56 

9.63 

41.39 

19.64 

28.78 

16 

0.66 

11.82 

53.63 

16.87 

17.02 

17 

4.41 

7.83 

59.94 

16.10 

11.72 

18 

10.89 

7.38 

53.97 

22.00 

5.76 

Average 

12.96 

3.66 

60.66 

19.84 

2.88 


5.89 

8.06 

53.91 

25.97 

6.17 

Katagi 






lens 






14 

5.76 

12.71 

22.65 

17.79 

41.09 

15 

2.89 

15.42 

51.96 

22.67 

7.06 

16 

25 

9.48 

42.96 

10.68 

11.88 

17 

10.24 

22.71 

36.18 

25.49 

5.38 

18 

8.41 

9.61 

35.05 

16.15 

30.78 

average 

10.46 

13.98 

37.76 

18.55 

19.23 


Table 3.3 shows the direction of main beam, beam width and side lobe level. For 
input at port 14, the direction of main beam is -32 degree for Katagi lens and for the 
Rotman lens is -30 degree. The beam widths for both the lenses are almost equal. The Side 
lobe level is minimum for Katagi lens. 
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Table 3.3: Direction of main beam, beam width and side lobe level 


FEED PORT NO. 

DIRECTION OF 

MAIN BEAM(DEG.) 

BEAMWIDTHCDEG.) 

SIDE LOBE LEVEL 
(DB) 

Rotman Lens 




14 

-30.00 

17.00 

-13.33 

15 

-22.00 

16.00 

-15.42 

16 

-14.00 

15.00 

-13.43 

17 

-8.00 

15.00 

-13.60 

18 

00 

14.00 

-13.85 

Katagi lens 




14 

-32.00 

18.00 

-26.65 

15 

-21.00 

16.00 

-31.09 

16 

-17.00 

14.00 

-34.60 

17 

-8.00 

14.00 

-19.01 

18 

0.00 

14.00 

-16.69 


Figure 3.5 shows the radiation pattern for the Katagi lens. Radiation pattern obtained 
for Katagi lens have the characteristics close to as predicted by its design approach. 
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3.4 CONCLUDING REMARKS: 

A modified approach is used to design the Rotman lensl and Katagi lens.The size of 
Rotman lens is large, so more power is lost in it. Also the curvature of the feed contour of 
Katagi lens is large. Therefore it is coupled more power back toward the feed ports. 
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CHAPTER FOUR 


ELLIPTICAL REFOCUSSING OF ROTMAN LENS 

Design and analysis of Rotman lens and Katagi lens have been given in previous 
chapters. In this chapter elliptical refocusing of Rotman lens is discussed for the same 
requirements as Rotman lens. Comparison of the results obtained from elliptical refocussed 
lens with those obtained for the Rotman lens is also given. 

4.1 LENS GEOMETRY 

Figure 4. 1 shows the cross-section of a trifocal Rotman type lens. One focal point Fo 
is located on the central axis, and two others Fi and F 2 are symmetrically located either side 
on a elliptical focal arc. Outer contour I 2 is a straight line and defines the position of the 
radiating elements. Ii is the inner contour of the lens. The inner and outer contours are 
connected by TEM mode transmission lines W (N). Two off axis focal points Fiand F 2 are 
located on the focal arc at angle + a and - a respectively. 

A ray originating from Fi may reach the wave front through a general point P(X,Y) 
on the inner contour Ii transmission line W(N) and point Q(N) on the contour, and then 
tracing a straight line at an angle -a and terminate perpendicular to the wave front. Also the 
ray from Fi may reach the wave front from Fi to the point Oi, and then through transmission 
line W(0) to the wave front. Similarly rays from other feed points may reach their 
respective wave front. 


67 




FIGURE 4.1 : ELLIPTICALLY FOCUSED LENS 

Inner contour and the transmission lines are designed from the design equations which are 
derived using the fact that, at the wave front, all the rays must be in phase independent of 
the path they travel. This requires that the total phase shift in traversing the path to reach 
the wave front in each case be equal. Using this concept and referring to figure 4.1 
following design equations are written: 

8r FiP + 8re W(N)+ N sina = 8r F + Sre W(0) (4.1) 


8r F 2 P + 8re W(N) - N Sina = 8r F + 8re W(0) (4.2) 

8r FoP + 8re W(N) = Sr G + 8re W(0) (4.3) 

Where, (FiP)^ = (Fcosa +X)^ + (F sina-Y)^ 
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(F 2 P)^ = (F cosa +X f + (F sina +Y)^ 

(FoPf =(G+X)2 +(Yf 

Algebraic manipulation of above equations leads to the following results 
y = T1 { 1 -W sre Sr }/ Sre 

X= {w(g-l)/a(a-g)} Sre'^’ /Sr +T 1 ^bV2Sr (a-g) (4.5) 

Aw^ + B w +C = 0 (4-6) 

Where , 

a= cos a b=sin a t|=N/F x = X / F 
y = Y/F g=G/F w = {W(n)-W(0)}/F 

A = (g-1)^ Sre / { a-g)} Sr } = Tj^ Sre/ Sr ^ " Sre / Sr 

B=b^(g-1)T1^ Sre /{(a-g)^ Sr^^^}-2 Sre'''VSr^^^+2g(g-l)Sre*^^/{(a-g)Sr'''“}+2gSre V 
C = b** + /4 Sr^(a-g)^ + / Sr + gb ^ {Sr(a-g)} 

The equation to design array contour and transmission lines will be exactly the same 
as for the Rotman lens. Only difference will be in focal arc. The focal arc is given by the 
following equations. 



Where b^=a\l-e^) 


= F- {(I -e^ cos' a)/(l-e')} 
e = the eccentricity of the elliptical focal arc. 

F = the off axis focal length, a is the focal angle. 

Sr= the dielectric constant of the lens substrate 

Ere = the effective dielectric constant of the transmission lines. 

For the given value of design parameters a , F, g and Sr , array contour and transmission 
lines W (N) can be designed using the above equations. 
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4.2 SPECIFIC DESIGN EXAMPLE 


This section describes an example of the design and analysis of Rotman lens and 
elliptical refocussed lens to feed a linear array of waveguide horns. It is required to design 
the lens for the following requirements 
Angular coverage = ± 25° 

Number of antenna elements =10 
Number of input beams = 09 

Central frequency = 3.4641 GHz 

The complete structure is assumed to be fabricated in a raicrostrip substrate of thickness 
1/16 inch and dielectric constant 3.7.The loss tangent is 0.001. 

As per the guidelines recommended earlier following design parameters have been 
selected for the two lenses. 

a. For Rotman lens 

g= 1.023 
a = 25° 

q = 0.58 (antenna element spacing =1.0 inch) 

F = 2.7X 

b. For elliptical refocussed lens 

g= 1.014 
a = 25° 
q = 0.58 

F = 2.7% 

e = 0.58 


70 



4.3 RESULT AND DISCUSSION 


Figure 4.2 shows the reflection coefficients at the input ports for the Rotman lens 
and elliptically refocussed lens. Reflection coefficient for the elliptical refocussed lens is 
much greater than the Rotman lens. 



F1GURE4.2 RffLBCTION COffFICBiT AT INPUT PORTS 


Amplitude distribution across the array ports for both the lenses is shown in figure 
4.3(a) - 4.3(e). When input applies at port number 14 the coupling coefficient is m inim u tn 
at port number 3 for Rotman lens and at port number 6 for elliptical refocussed lens. When 
input applies at port number 15 the coupling coefficient is minimum at port 6 for Rotman 
lens and at port 7 for elliptical refocussed lens. When input applies at port number 16 the 
coupling coefficients is minimum at port 6 for Rotman lens and at port 7 for elliptical 
refocussed lens. When input applies at port number 17 the coupling coefficient is minimum 
at port 4 for Rotman lens and at port 7 for elliptical refocussed lens. When input applies at 
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port number 18 the coupling coefficient is minimum at port 5 for Rotman lens and port 7 
for elliptical refocussed lens. 



ARRAY PORT NUMBER 


P-»- ROTMAN LBIS -»-aLIFnCALRffOCUSSNG LBJS 


FieURE43(a) AWLITUDE DBTRIBUTDN ACROSS THE ARRAY PORT 



ROTMAN LENS — ELLFT CAL Rff 0 CUS S B3 LBMS 



FieURE4.3tb) AMPLrUDE DISTRIBUTION ACROSS ARRAY PORT 
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F?CnMANLENS -a- ELLIPTICAL RffOCUSSS LBIS 


FieUR E 4.3(6) j»/PLITU DE DISTRIBU TION AC ROSS AR RAYPORT 


Phase distribution across the array ports for both the lenses is shown in figure 4.4(a) 
- 4.4(e). For input port number 14, 15 and 16 the phase variation across the array port for 
approximately one radians. For input port number 17 and 18 the phase variation across the 
array port is approximately three radians. 



ROTMAN LENS -a— B-LIFTICAL RffO CUSSED LBIS 
FIGURE 4.4(3) PHASE DISTRIBUTIONACROSS ARRAY PORT 
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Table 4.1 and 4.2 shows the coupling coefficients from input to inputs ports and 
output to output ports for Rotman lens and Elliptical refocussed lens respectively. 

TABLE4.1: Coupling from inputs ports to input ports and output ports to output ports. 


INPUT PORT NO. 


14-15 

14-16 

14-17 

14-18 

14-19 

14-20 

14-21 

14- 22 

15- 16 
15-17 
15-18 
15-19 
15-20 
15-21 

15- 22 

16- 17 
16-18 

16- 19 
16-20 
16-21 
16-22 

17- 18 
17-19 
17-20 
17-21 

17- 22 

18- 19 
18-20 
18-21 
18-22 


COUPLING 
COEFFICIENT (dB) 

-13.05 

-11.62 

-9.43 

-18.20 

-28.83 

-21.74 

-17.16 

-9.29 

-9.61 

-12.46 

-13.64 

-14.91 

-15.83 

-16.09 

-15.92 

-22.91 

-19.66 

-15.55 

-15.84 

-15.00 

-23.77 

-16.22 

-17.72 

-14.94 

-13.81 

-23.44 

-16.22 

-22.58 

-12.47 

-16.84 


OUTPUT PORT NO. 

2^3 

2-4 

2-5 

2-6 

2-7 

2-8 

2- 9 
2-10 
2-11 

3- 4 
3-5 
3-6 
3-7 
3-8 
3-9 
3-10 

3- 11 

4- 5 
4-6 
4-7 
4-8 
4-9 
4-10 

4- 11 

5- 6 
5-7 
5-8 
5-9 
5-10 

5- 11 

6- 7 
6-8 
6-9 
6-10 
6-11 


COUPLING 
COEFFICIENT (dB) 

-12.70 

-14.17 

-16.75 

-17.61 

-18.71 

-21.05 

-21.14 

-25.48 

-15.50 

-9.10 

-18.00 

-18.30 

-22.43 

-19.69 

-17.35 

-12.08 

25.78 

-11.37 

-14.62 

-33.13 

-16.80 

- 21.12 

-16.88 

-21.31 

-13.73 

-30.88 

-15.28 

-16.86 

-20.06 

-21.58 

-9.31 

-30.07 

-32.03 

-22.63 

-19.48 
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TABLE 4.2: Coupling from inputs ports to input ports and output ports to output ports 
for elliptical refocussed lens. 
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Table 4.3 shows the percentage of power distributed among various ports for elliptical 
refocussed lens and Rotman lens. This table reveals that: 

1. Percentage of power lost in dummy ports for Rotman lens is much less than elliptical 
refocussed lens 

2. Percentage of power reflected by elliptical refocussed lens is large. 

3. Power lost in the elliptical refocussed lens is less than the Rotman lens. 

4. Percentage of power coupled back to feed ports for elliptical refocussed lens is less 
than the Rotman lens. 


Table 4.3 Percentage of power distributed among various ports. 


FEED PORT 
HO.' 

PERCENTAGE OF 

POWER 

REFLECTED 

PERCENTAGE OF 
POWER LOST IN 
DUMMY PORTS 

PERCENTAGE 

OF POWER 

GOING TO 

ANTENNA 
ARRAY 

PERCENTAGE OF 
POWER 

COUPLED TO 

FEED PORTS 

PERCENTAGE OF 
POWER LOST IN 
LENS 

Rotman 

lens 

14 

9.61 

5.26 

30.98 

37.91 

16.24 

15 

0.28 

3.85 

43.32 

30.13 

22.42 

16 

0.81 

3.95 

48.55 

9.86 

36.83 

17 

8.41 

1.85 

45.32 

10.83 

66.41 

18 

16.81 

5.53 

42.15 

9.99 

25.52 

average 

7.18 

4.08 

42.06 

19.74 

26.94 

Elliptical 

refocussed 

Lens 

14 

32.49 

9.82 

22.52 

22.37 

12.80 

15 

6.76 

10.58 

36.29 

17.12 

14.15 

16 

3.61 

14.41 

36.91 

13.20 

13.62 

17 

1.69 

10.10 

33.93 

15.46 

12.23 

18 

1.69 

11.98 

35.58 

10.07 

11.86 

average 

9.24 

11.37 

1 

33.04 

15.64 

13.85 
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Table 4.4 shows the direction of main beam, beam width and side lobe level for 
Rotman lens. The direction of main beam for Rotman lens is 30 degree and for elliptical 
refocussed lens is 32 degree. The beam width for elliptical refocussed lens is larger than 
Rotman lens. The sidelobe level in elliptical refocussed lens is minimum. 

Table 4.4 Direction of main beam, beam width, side lobe level for Rotman lens and 
elliptical refocusing lens. 


FEED PORT NO. 

DIRECTIONOF MAIN 

BEAM WIDTH(DEG) 

SIDE LOBE LEVEL 


BEAM(DEG) 


JdB) 

Rotman Lens 

14 

-30.00 

17.00 

-13.33 

15 

-22.00 

16.00 

-15.42 

16 

-14.00 

15.00 

-13.43 

17 

-8.00 

15.00 

-13.60 

18 

0.00 

14.00 

-13.85 

Elliptical 

Refocussed Lens 




14 

-32.00 

18.00 

-26.65 

15 

-21.00 

16.00 

-31.09 

16 

-17.00 

14.00 

-34.60 

17 

-8.00 

14.00 

-19.01 

18 

0.00 

14.00 

-16.69 
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4.4 CONCLUDING REMARKS 


Design approach suggested into gives a lens in which all input ports are uniformly 
coupled to outports. The elliptical refocussed lens is designed for multiple beams forming 
are compared with Rotman lens. The percentage of power lost in elliptical refocussed lens 
is much less than the Rotman lens. The side lobe level in elliptical refocussed lens is 
minimum. The radiation pattern for elliptical refocusing lens is close to as predicated by its 
design approach. 



CHAPTER FIVE 


CONCLUDING REMARKS 

A Rotman lens geometry suggested by Rotman and Turner [2] is a useful multiple 
beam forming network. Also it has advantages over the most commonly used reflector 
antennas. 

5.1 EFFECTS OF DESIGN PARAMETERS ON THE SHAPE AND PATH 
LENGTH ERROR 

To design the lens parameters (a, r\, g, F) are required to be selected in such a way 
that the height of the feed contour and array contour are almost equal and the gap between 
the two contour remains minimum. The following guidelines are recommended to select the 
design parameters. 

1. Select a = specified scanning angle. 

2. Lens aperture Nmax is a function of antenna element spacing which controls the 

appearance of grating lobes. 

To Control the grating lobe, it is required that the antenna element spacing 
d < L / (2+ sin \)/m) 

Where vjfm is the maximum scanning angle and X is the wavelength. 

3. For minimum phase value “g” should be selected using the relation 
g = l+a^/2 where g = G / Nmax 

For flie dependency of phase error and shape of the lens, suitable value of “f’ and 
“g” may be selected. 

A Rotman lens is a three focal point lens. When feed is displaced fi'om these focal 
points emitted wave-front will have phase error. Effects of design parameters on the patii 
length error are described in chapter 2. 
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5.2 TWO DIMENSIONAL FIELD ANALYSIS OF THE LENS 


Rotman lens is designed and analyzed using the software. The result of the analysis 
namely reflection coefficient, scattering matrix and radiation pattern of antenna array is 
presented. Result of the analysis verifies the guidelines to select the design parameters 
described in section 5.1. 

The modified approach used to design the Rotman lens is known as Katagi lens. In 
this lens average percentage of power reflected back is large and power coupled back to the 
feed ports is small. The overall performance of Katagi lens is better than the Rotman lens. 

Rotman types lens having Elliptical refocussed designed and analyzed using the 
software. Results of the analysis are compared with the result obtained firom Rotman lens 
(proposed in chapter two). It is found that overall performance of Elliptical refocussed lens 
is better than Rotman lens. 

Radiation pattern for all these lenses reveals are close as predicted by its design 
approach. 

5.3 SUGGESTION FOR FUTURE WORK 

For Rotman type bootlace lenses discussed so for it is necessary to investigate the 
following aspects to improve the performance of the lens. 

Derivation of relations between lens parameters to minimize the path length error when 
other than elliptical focal arc is used. 
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